A major purpose of the
Technical Information Center is to
provide the broadest dissemination
possible of information contained in
DOE’s Research and Development
Reports to business, industry, the
~acacemic community, and federal,
state and local governments.

Although portions of this report
are not reproducible, it is being
made available in microfiche to
facilitate the availability of those
parts of the document which are

legibie.



LA-UR -87-325 CONT X107 - ~3C

Los Alamos Nalionsl Laboratory is operated by the University of California for the United Stales Depsrtmem of Energy under contract W-7(03-ENG-38.

LA-UR--87-3425
DES88 001834

rme: HEAT FLUX ESTIMATES AND ARMOR DESIGN FOR CPRF/ZTH

AUTHOR@S): J. N. Downing, K. A. Werley, and M. T. Gamble

susmitTtep To: IEEE 12th Symposium on Fusion Engineering,
October 13-16, 1987 - Monterey Conference Center,
Monterey, California

DISCLAIMER

This repor. wiy prepured 4 an account ol work sponsored by an agency of the United States
Goverminent  Neither the 1lnited States Government nor any agency thereof, nor any uf their
cmployees, makes any warranty, cxpress or unplied, or assumes any legal bability or respons-
mility for the accuracy, compleleness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that 1ts use would not infringe privately owned nights Refer-
ence herem to any specific commercal product, proess, of service by trade name, trademark,
manulacturer, ur otherwine does nol necessanily constitute or imply its endorsement, recom-
mendation, ur favoring by the United States Government or any sgency thereol. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof

@y acceptance of 1 ariicie. Ihe publiaher racognizes Ihat the U.8 Government retaing 8 nonexciuaive, royaity-lree liconua to publish or reproduce
the publisned form of this contributien. or 10 aliow others to do 8o, for U.B. Government Durposes.

The Los Alsmos National Laborstory requests Ihat Ihe publisher identily this ariicle 88 work performed under the auspices of the U 8 Depariment of Enerny

MASTER
L@S A”@m@) Los Alamos National Laboratory
Los Alamos,New Mexico 87545

87 NO PODO 4/0) DISTRINUTION 0t ) N (RN A ) \‘.


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


HEAT FLUX ESTIMATES AND ARMOR DESIGN FOR CPRF/ZTH"

J. N. Downing, K. A. Werley, and M T. Gamble
P. O. Box 1663, MS-F648, Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abstract
A model fcr the scrape-off layer (SOL) in Reversed-Fleld
Pinches (RFPs) was developed to evaluate the wall heat flux
distribution in CPRF/ZTH. Design options for high heat flux
areas have been evaluated. A finite clement model was used
to determine the front-surface temperature and the thermally-
induced stresses in the graphite.

Introduction

A simplified model for the scrape-off layer (SOL) in
Reversed-Fleid Pinches (RFPs) has been developed and
applied 0 CPRF/ZTH. The objectives of this exercise are (a)
to determine the sensitivity of tne wall heat flux distribution
versus poloidal angle as & function of plasma position, (b)
to estimate the heat flux enkancement resulting from the
removal of armor or wall material, and (c) to estimate the
impact of magnetic flald errors on the heat Aux distribution.
The heat Bux distribution In the SOL was assumed to be
described by an expcnential with a charactaristic scrape-off
length (A, = 0.02 - 2.0em). Both radial and parallel (along
feld-lines) transport was considered. In RFPs, & significant
electrov drift velocity, compared with the thermal velocity, ls
observed. This cliaracteristic results In an enharcement In the
heat tivx by a factor of 2 for small (= 0.25),) equillbrium
shifts. Additional peaking of the heat Aux results from larger
(> 0.281 ) equilibrium shifts and/or the removal of sections of
the armor. When a section of the armor la removed (such as in
the area of ports) and the equilibrium la shifted, the feld lines
can Intercept nearby armor segments at anglee that produce
peaking factors (PFs) in the range of 10 — 1000 The armor
segments adjacent to the miming armor segment, therefors,
must be contoured to reduce the heat flux to an acceptable
level. Tho front-surface temperatures have been estimated
tur Aat tiles with the nominal and maximum time-dependent
heat fluxes anticipated for ZTH. The maximum front surface
temperature ir sstimated to be 1500 K at the denign point.

Heat Flux Mode,
The bnsic acsumption of thls model is that the energy
density distribution in the scrape-off layer (SOL) can be
described by the following relationship:

w=w0¢‘u‘:x_'1 (1)

where r ls the radius of the piasma in the 8OL, a is the radius
of the last closed fleld line, A is the characteristic scrape-uff-
length, wy is the energy density at radius g, #nd w(r) s the
energy density at radius r . The plasma-wall interaction is
modeled sa shown in Fig. 1, where the plaama is a cylinder of
radius (a), which can be offset from a larger cylinder of wall
armor of tadlus £. The horisontal ehift of the plasmas column is
Aa,and # s the angle measured from the major radial direction
(horisontal). This model calculates the normal heat flux to the
wall for a given plasma shift > the cer.troid of the core plasma
relatlve to the centrold of the first wall. Flux surfaces are
assumed Lo be concentric about the core-plasma surface,

T Work p-o;l_ot:od uoder the anspicas of U8, Department of Eaerey

(b)
F g. 1 Model used for calculating the plasma-wall interaction.
Diagram (b) shows the area of interaction In detall,

Heat flux to the wall ls assumed to conslst of three
pa‘ta: (a) parallel-to-magnetic-fleld-lina convection (g, ), along
Hu¢ surfaces which Intersect the wall; (b) radlal diffusive
traasport (g, ) characterised by & diffusion coefficlent (D) and
a rudial scale length (A} }, and (c) a radial radiation heat flux
chatacterised by a core-plasma radiation fraction (faap =
Prsp/Prot). Pror 1athe total source of power to the plasma
core, and Ppsp ls the core radiated prwer. Edge-plaama
radintion ls neglected.

The normal heat flux to the first wall is given by

0, a>x/2

Qu = quonad ¢ { cosa, a< /2 (2)



where
Q= wy (3)
_wD  fpapPror
o= I + A (4)
and
DL
A.L = _— (5)
9
A=2xrZ. (8)

Previously undefined variables include: the angle between a
field line and the wall (a); the flux surface area (A4); the net
Buid velocity of electrons parallel to the field lines (v ); and the
plasma length (Z). The average field line length that energy is
transported along (L), is estimated to be L = 2xr/np for the
RFP, where np is the number of directions of energy flow and
it has a value of either 1 or 2. This np = I option is included
because the ZT-40M RFP experiment exhibits preferential
energy flow in the direction of ¢ lectron drift.
The average hea. flux to the wall (¢o), is given by

_ Pror _ 1 /’+°°
Av A-(l - IRAD) -

Thus, PF can be written:

q"ZnDdr (7)
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The heat flux distribution, normalised to the average wall
heat Bux, for a continuous cylindrically shaped wall is shown
as & function of poloidal angle (¢) In Fig. 2. For these
calculations, (Aa/A,) was varied over Lhe range O - 4 and
faap = 0. Maximum PFs and corresponding poloidal angles
are plotted, In Fig. 3, versus the shift of the plasma column in
units of A . The maximum peaking factors vary from w1 — 8
for shifts of 0 — 41, and the angle of maximum flux decreases
from 90° (for very small shifts) to less than 30°.

If the plasma shifts vertically, the heat fAux distributions
are the saroe as caltulated in Fig, 1, but the symmetry axis is
no longer | orisontal. The new axis is given by a line through
the axis of the armor and the new axis of the plasma. The angle
is determined from tan (Az/Aa) where Az Is the vertical shift.

When a section of the armor ls removed, the fleld lines
intercept the armor at a closer to normal angle. This case
is lllustrated Iin Figs. la. and 1b,, where the section of wall
armor removed la betwesn angles #, and #;. For the armor
immediataly below a missing armor segment (In the electron
flow direction), the enhancement factor ls given by

(2r0)(91 — )/360 (9)

(ri —ry)/cos(ty — ¢1)

and |s approximataly equal the poloidal length of the missing
armor segment divided by the incremental radius (ry - ry)
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Fig. 2 Heat flux distribution, normalized to the average wall
heat flux as a function of poloidal angle.
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Fig. 3 Marinium PF and corresponding poloidal angle veraus
the shift of the plasma column In units of Aa/A .

defined by the edges of the missing armor. Enhancoments in
the range of 10 -- 1000 o<cur: Lherefore, the shape of the tiles
surrounding the inisalng armor must be contoured to keen the
heat Aux to an accepiable lovel,

Transport also occurs within the ares of the missing armor
and the heat Aux axtends beyor.d the radivar,. Thir tranaport
can be modeled using the sarms baale assumptions as in Fq. 1

wirn) = wiry)e” i'—"\:; '.‘) (10)

where w(ry) Is the Aux distiibution inside the area of missing
armor, w(r,) ls the flux calc::ixted from Eq. 1, ry ls the radius
correaponding to the top of the mlsalng armor, ry la the radius
of the plasma inside the ares of missing armor, and A s the
charscteristic scrape—off length corrasponding to the smaller
dimenalon of the missiag armor. The power fux (w(r;)) lc the
power Aux that would have bean ceposited on the armor that
ls misslng. This effect ls large envugh that the suifaces must
be contoured to keep the heat flux to acceptable levels.
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When graphite is used as the armor material, thermal
sublimation limits the front-surface temperature, during the
flat-top phase of a plasma discharge, to 2300 K. A more
conservative value of 1500 K was chosen as a design point to
avold normal operation near this upper limit. Redeposition of
the evolved atoms on cooler areas of the graphite armor will
act to lower the contamination level and the local maximum
temperatu.c can be larger than 1500 K if the surface area
affected is only a emall fraction of the total area. The
initial armor teraperature is determined by the liner/armor
heating syatem and will be feedback-controlled Lo a specific
temperature within a range of 23°C to 200°C.

For the purposes of evaluation, four phases of the ZTH
discharge are identiied. Approximate parameter values for 4
MA operation are given in Table I, and the ZTH deaign point
parameters are given in Table II. The time-averaged (over the
duration of the discharge} wall heat fAlux is 0.8 MW /m?. With
a limit on the graphite front surface temperature of 1500 K
and with an initial temperature of 473 K, the maximum time-
averaged wall heal flux (for ATJ graphite) is 13 MW/m?.
Therelore, the allowable PF is 16 for these conditions.

TABLEI. APPROXIMATE PARAMETER VALUES FOR
LTH «<MA OPERATION
Discharge Time Scale Average(Maximum)
Phase () Power Input al
Design Point
(MW)

Start-up to 2 MA 50 30 (140)
Ramp to 4 MA 400 21 (60)
Flat-top 200 28 (80)
Rampdown < 400 14 (40)
TABLE II. DESIGN POINT PARAMETERS FOR ZTH
T rmmea e
Plaama Current 4 MA
Poloidal ["ield Magnetic Energy 36 MJ
Plasma Kinetie Energy 1.1-2.2MJ
Firat ¥all Operating Tempersture 300 - 8521 K
First Wall Bakeout Temperature 573 K
First Wall Area 38 m?
Muximum Front Surface Temperature
F:nd of Flat-19p Phase 1500 K
Minimumn Current Termination Time 1.0 ms
Approximate Total Energy to the
First-Wal for Full Discharge
Duration 22-44 MJ

Iteat Flux Peaking Factorn
In chmically heated tokamaks, the Aux of particles along
the field lines iv almost equal in both directions, which suggeats
a thermal distribution with no unidirectional drift velocity, In
RFPs, however, a algnificant electron drift velocity, compared
with the thermual velocity, (s observed. This characteristic
results In an enhuncement in the heat flux by a factor of

TABLE 1lI. HEAT FLUX PEAKING FACTORS (PFs)
Source N Value
Anisotrophy in Heat Flux
and > 4.0
Equilibrium Shifts and/or
Liner/Coil Tolerancea
Operational Variations ~ 2.5
Tile Shape Factor r 2.0
Missing Armor Segments 10 - 1000

~ 2 for larger (Aa > 0.25 A} equilibrium shifts and/or the
removal of sections of the armor.

Tolerances in cnil construction, coil p!acement, liner
construction, liner support, shell construction, and the
application of an incorrect vertical field are examples of fleld
errors that will produce a general equilibrium shift with respect
to the armor in ZTH. The technical design criterion for the net
effect of these variations is + 5.0-mm. The shift in the hux
surfaces from these errors can easily be on the order of 1.0 A |,
which results in s PF 2.0,

The PF indicated in Fi3. 2 is the net PF for both the
anisotrophy and the equillbrinm shifta and is ~ 4.0 for the
conditions indicated above. [f the anisotrophy Jisappeared,
the PFs associated with both the anisotrophy and shifts of the
plasma column would decrease. The anisotrophy is associated
with a large v and a correapondingshort A |. As A gets larger
the PF resulting from the shift of the plasma will decrease.

If Bat tiles are used, the anisotrophy in heat flux will result
in mout of the heating being deposited on only one-half of the
surface. The resulting PF = 2. Shaping the tiles to have »
radius of curvature of [ would eliminate this PF. Tapering the
surfuce of the tiles can also significantly lower the PF.

To obtain relevant physics data, the operating conditions
will be varied. In general, this variance will result in an increase
in the irput power and a corrasponding PF of = 2.5,

The sourcas of the P's and their approximate values are
summarized In Table 11I. The minimum PF is given by the
product of the first three PFa in Table 11l and has & value of
10 (if the tiles are shaped) and 20 (if the tiles are not shaped).
In the areas of missing armor, the PF w!ll be much larger, and
it will be necessary to shape the armor In the area wround the
mlssing segments.

Design Optiona

Average power Inputs < 1 MW/m? with equilibrium
shifta < A, can be acconmodated in arean in which the
armor has been removed by the synu.etric contouring shown
schematically In Fig. 4. For this approach, the armor tiles
around the missing armor are tapered to pruvide enough
surface area to keep the heat Aux to an acceptable level.
A symmetric arrangement would allow both the poloidal
and toroidal currents to be reversed, which In conaidered an
important physics requirement. If the energy flow In the
plasma edge hecomes mnre lsotroplc in ZTH compared with
currently operating machines, this surface modification would
be adequate for < 2 MW/m? depending on the degres of
lsotrophy.

To accommodate the maximuin heat ARuxes with the
anticlpated anlsotrophy in heat flux, the fexibility of changing
the direction of the currents will probably have to be sacrificed,
A nonsymmetric contouring of the tilen will be uned, as shown
schematically in Fig. 8. The tile(s) above the miasing armor
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Fig. 4 Schematic drewing of symmetric contouring for off-
symmetry-axis port.
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Fig. 5 Schematlc drawing of asymmetric contouring for off-
symmetry-axis port with the highest heat Aux.

is(are) tapered toward the plasma to produce a shadow in the
area of the miosing armor, and the tile(s) below the mlssing
armor are tapered away from the plasma to provide enough
surface area Lo keep the heat flux to an acceptable level. If
the degree of anisotiophy In heat Aux ls less in ZTH, this last
scheme can be modified, as shown schematlcally in Fig. 6, to
accommodate a small fraction of the heat flux In the lon drift
directlon.

In the presont Jesign, the armor has the following
characl riatics;

1. Rectangular shape with flat surfaces (22 different basic
shapes) and 1.2-cm thicknews.

2. 20 tllea in the toroldal direction.

). 44 tilem in the polonidal direction.

4. Bingle support that supplies the electrical/thermal
connectlon.

5. Deviation from the idesl Aux surface of < 1 8 mm over Lhe
dimensions of the tlle.

The tlle is mounted to the liner support structure with a
maetal clip, a8 shown in Flg. 7. Tha clip ertenda >90% of the
torohlal length of the tile and fits In a machined groove on the
edge of the tile Two locking tabe are provided Lo secure the
graphiwe to the clip.
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Fig. 6 Figure 5 schematic modified for a small amount of heat
flux in the ion-drift direction .
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Flg. 7 Schematic drawing of the tile orientation in the liner
and the mounting technlque.

Each tile is m 5.0-cm long in the poioidal direction. The
toroidal length depends on the major radius of the tlle's
location and varies from a~ 13.3 ¢m on the outside major
radlus to 9.5 cm on the inside major radius. The gap between
tiles in » 4 mm. Tolerances in the liner dimensions will be
accommodated by custom trimming the dimensions of esch
tile. Individual tile shapes will be modified as necessary to
relieve areas of excessive heat flux. For example, in the area
of dlagnostic and pumping ports, the tiles will be contoured to
keep the heat Aux within acceptable limits.

An additional feature of this armor system is the optional
incorporation of pumping channels for impurity control. The
proposed large-area-pump limiter would remove edge-plaama
particler through a uniformly dletributed system of slots and
channels that perforate the first-wsll armor.! In addition to
the slots formed by the edges of the tiles, small holes through
the tile and clip would be uniformly distributed over the
tlle surface. The alxe and distribution of the holea would
be determined by thermal stress analysis and simulations of
plaama exhaust requirements. The volume behind the armor
tiles would serve as a “passive” puimnp during the plaama
dlacharge.



An alternative to individual tiles in the poloidal direction
is under consideration. Gore-shaped C-C composite rings are
used, as shown in Fig. 8. As seen In the drawing, these
rings would probably be attached to the liner support ringa
in fewer places (3 ars shown). Radial forces, such as might
occur during currer:¢ termination, would be absorbed in the
armor structurs itself. Other advantages of this approachi are
(a) the present liner design can be used without modification,
(b) the poloidal shape wili reduce the armor PF compared with
the PF for fiat tiles, (c) the thickness of the armor and,or the
distance between the plasma and the liner might potentially be
reduced, and (d) the number of individual elements is reduced.
The potential disadvantages of this approach are the following:
(a) fewer connections to the liner are used, thereby impuaring
the removal of heat from the armor structure by conduction.
(b) The torus must be disassembled to replace or repair an
armor segment. (c¢) Modifications to the armor to minimize
the enhanced heat Aux around the ports are difficult. (d) The
removal of the armor in the area of the holea will weaken the
armor locally.

A finite element model of the armor—clip-liner- insulation-
shell system was developed to determine the f{ront-surface
temnperature and the stresses in the graphite, which result from
the heat flux during & high- power discharge. The transient
behavior of the system for uniform heat Auxes of 0.2 kW /cm?
and 2.0 kW/cm? is shown in Figs. 9 and 10. The 1.2-cm-
thick graphite (ATJ assumed for the calculation) tile achieved
s maximum [ront-surface temperature of 2500°C and a highly
non- linear temperature profile through ita thickness when
exposed to input powers of 2.0 kW/cm? for 1-s. This heat
flux of 2.0 kW /cm? is larger than the anticipated design point
heat flux for ZTH. When 0.2 kW /cm?was introduced, the front
surface attained a maximnm temperature of less than 500°C.
The time for cooling to 200°C was also dramatically different
for the two casen. Ouily a small fraction of the total surface area
will receive heai Auxes as high as 3.0 kW /cm?, and these tiles
we axpected to equili*-ate radiatively with the cooler tiles,*
resulting in an overall thermal decay similar to the 0.2 kW /cm?
case.

Tensilo stresses associated with the high temperatures
were in the range of 2000 - 3000 pel.  However, the
inconel clip must be designed with care. The finite element
model assumed a low heat conductance (0.002 BTU/hr-ft?-
F) st the clip and graphite interface that promoted a large
tenperature differentiai between the twce parts. Greater

Fig. 8 Schematic drawing of the poloidally continuous C-C
composite gore-shaped armor segmentas,

FRONT SR ACE TERPRATUE (~C)

T (@i

Fig. 9 Graphite front-surface temperature sa a function of
time for a uniform heat Aux {¢) of 0.2 kW/em?.
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Fig. 10 Transient behavior of armor-clip-liner-insulation-shell
system for uniform heat Buxen of 0.2 kW /cm' and 2.9
kW/cm?.

thermal expansion by the graphi'e :ould lead to clip pressure
that ls not distributed evenly over the graphlte—<lip interface.
If high pressure areas develop, tensile stresses in excess of
the allowable maximum (w6000 pel) could result. A three-
dimensiona' model of this interface would be required to fully
quantify thene effects.

Summary

A simplified model has been used (a) to determine the
senaltivity of the polouidal heat Aux distribution aa a function
of plasma position, (b) to estimate the heat flux ei.:~1cement
reaulting from the removal of armor or wall malerial, and
(c) to estimate the impact of magnetic fleld errors on the
heat lux distribution. The armor segments around a m'ssing
armor segment must bo contoured to Yeep the heat flux
to an acceptable level. Tli~ front-surfece temperature and
the resulting stresses have buen obtained for flat tiles with
0.2 kW /cm? and 2.0 kW/em? time-dependent heal fluxca,
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